Focusing on the Barents & Kara Seas by 김지영
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 
경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 








겨울철 북극 증폭에 관한 수직 되먹임 기작과 
수평과정과의 상대적 역할 
- 바렌츠 카라해를 중심으로 - 
 
 





김 지 영 
 





겨울철 북극 증폭에 관한 수직 되먹임 기작과 
수평과정과의 상대적 역할: 바렌츠 카라해를 중심으로 
 
지도 교수  Kwang-Yul Kim 
 
이 논문을 이학박사 학위논문으로 제출함 




김 지 영 
 
김지영의 이학박사 학위논문을 인준함 
 2019 년  7 월 
 
위 원 장                          (인) 
부위원장                          (인) 
위    원                          (인) 
위    원                          (인) 




















ERA	 interim	 reanalysis	 data.	 Downward	 longwave	 radiation	 is	 an	 essential	
element	 for	 sea	 ice	 reduction,	 but	 can	 primarily	 be	 sustained	 by	 excessive	
upward	heat	flux	from	the	sea	surface	exposed	to	air	in	the	region	of	sea	ice	loss.	
The	 increased	 turbulent	 heat	 flux	 is	 used	 to	 increase	 air	 temperature	 and	
specific	humidity	in	the	lower	troposphere,	which	in	turn	increases	downward	
longwave	radiation.	This	 feedback	process	 is	 clearly	observed	 in	 the	Barents	
and	Kara	Seas	in	the	reanalysis	data.	A	quantitative	assessment	reveals	that	this	




































































budget	 averaged	 over	 the	 region	 of	 sea	 ice	 reduction	 (21°–79.5°E,	 75°–
79.5°N)	in	the	Barents-Kara	Seas:	SH	is	specific	humidity,	H	ADV	is	horizontal	




Table	 4.2.	 Statistics	 of	 the	 lower	 tropospheric	 (1000–850	 hPa)	winter	 heat	






















in	 the	 Arctic	 Ocean	 during	 1979-2016,	 (b)	 the	 winter	 averaged	 loading	
vector	of	regressed	2	m	air	temperature	in	the	sea	ice	loss	mode,	(c)	30	days	
moving	averaged	winter	2	m	air	temperature	variations	in	the	sea-ice	loss	
region	 (21°–79.5°	 E	´	 75°–79.5°	 N;	 the	 boxed	 area	 in	 (a)	 and	 (b))	 of	 the	








(sensible	+	 latent)	heat	 flux,	(f)	850	hPa	air	temperature.	The	numbers	 in	
parenthesis	are	contour	intervals	and	negative	contours	are	dashed.	..........	15	
	






2	 m	 air	 temperature,	 contour	 interval	 is	 in	 parenthesis,	 (b)	 lower	
tropospheric	 (1000–900	hPa)	geopotential	height	 (red	 contour)	 and	wind	
(black	arrow	line),	sea	ice	reduction	(%,	shading),	(c)	vertical	cross	section	







in	 (c)	 and	 (d)	 (shading)	 and	 that	 derived	 from	 the	 hydrostatic	 equation	
(contour).	The	red	contour	represents	the	thickness	of	1.5	m.	The	level	 	


























Figure	3.11.	Winter	average	pattern	of	sea	 ice	 loss	mode	 in	 the	Barents	and	
Kara	 Seas:	 (a)	 sea	 ice	 reduction	 (%,	 shading),	 2	 m	 air	 temperature	 (red	
contour)	 and	850	hPa	 temperature	 (black	 contour),	 (b)	 upward	 longwave	
radiation	(red	contour)	and	downward	longwave	radiation	(black	contour),	
(c)	sensible	heat	flux	(red	contour)	and	latent	heat	flux	(black	contour),	and	




79.5°	 E	 ´	 75°–79.5°	 N):	 (a)	 upward	 longwave	 radiation	 (blue	 dashed),	
downward	 longwave	radiation	 (blue	dotted),	net	 longwave	radiation	 (blue	







value	 (red	 straight	 line),	 (b)	 2	 m	 air	 temperature	 (red),	 850	 hPa	 air	
temperature	́ 	2	(black),	and	upward	longwave	radiation	(blue),	and	(c)	same	
as	 (b)	 except	 for	 the	 regressed	downward	 longwave	 radiation	 (blue).	 The	
straight	lines	in	(b)	and	(c)	represent	the	winter	mean	value	of	anomalous	2	








Figure	3.14.	 Lagged	 correlations:	 (a)	 correlation	of	upward	 (solid	 lines)	 and	
downward	 (dotted	 lines)	 longwave	 radiations	 with	 2	 m	 air	 temperature	
(blue),	850	hPa	temperature	(red),	and	sea	ice	concentration	(black),	and	(b)	










Figure	 4.1.	 (a	 and	 b)	 The	 vertical	 pattern	 of	 winter-averaged	 (temperature	
(shading),	geopotential	(black	contour;	3	m2	s2)	and	wind	(green	contour;	0.2	





Figure	 4.2.	 Winter-averaged	 (a)	 moisture	 transport	 (streamline)	 and	 its	






of	 variables:	 (a)	 specific	 humidity,	 (b)	 moisture	 advection,	 (c)	 moisture	
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(SH),	 evaporation	 minus	 precipitation	 (SRC),	 and	 horizontal	 moisture	
transport	(ADV)	averaged	over	the	region	of	sea	ice	reduction	(21°–79.5°E,	
75°–79.5°N)	in	the	Barents-Kara	Seas	(boxed	area	in	Fig.	3.1a).	The	straight	
lines	 represent	 the	 winter	 means	 of	 individual	 variables.	 (b)	 Lagged	
correlation	 between	 specific	 humidity	 and	 horizontal	 moisture	 transport	
(blue),	 between	 the	 horizontal	 transport	 and	 source	 (evaporation	 minus	




(W	m–2).	 	 (b)	 The	 daily	 variation	 of	 specific	 humidity	 (red)	 in	 the	 lower	
troposphere	(1000–850	hPa)	and	the	greenhouse	effect	(blue)	averaged	over	

















T),	 turbulent	 flux	 (FLX),	 radiation	 (RAD),	 and	 horizontal	 heat	 transport	
(ADV).	The	thick	red	curve	is	the	sum	of	turbulent	flux	and	radiation	(SRC).	
The	 straight	 lines	 represent	 the	winter	means	 of	 individual	 variables.	 (b)	













































Figure	 4.16.	 The	 winter-averaged	 lower-tropospheric	 (1000–900	 hPa)	
patterns	of	(a)	total	heat,	(b)	heat	transport,	(c)	turbulent	(sensible	+	latent)	
-0( )pc p p
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Figure	 4.17.	 The	 winter-averaged	 lower-tropospheric	 (1000–750	 hPa)	
patterns	of	(a)	total	heat,	(b)	heat	transport,	(c)	turbulent	(sensible	+	latent)	












Figure	 4.19.	 Contributions	 of	 the	 horizontal	 and	 vertical	 processes	 to	 (a)	
moisture	increase	and	(b)	air	temperature	increase	according	to	the	level	of	
budget	 closure	 in	 the	 lower	 troposphere.	 In	 (a;	 moisture	 budget	 case),	
horizontal	 moisture	 advection	 and	 moisture	 source	 (evaporation	 minus	
precipitation)	 are	 compared.	 In	 (b;	 heat	 budget	 case),	 horizontal	 heat	
advection	and	greenhouse	effect	induced	by	horizontal	moisture	advection	








Over	 the	 past	 decades,	 rapidly	 enhanced	 atmospheric	 warming	 has	
been	observed	in	the	Arctic	(Serreze	and	Francis,	2006;	Bekryaev	et	al.,	2010;	
IPCC,	2013).	The	accelerated	warming	is	pronounced	in	the	lower	troposphere	












and	 Kara	 Seas,	 which	 potentially	 influences	 cold	 winter	 extremes	 over	 the	
Eurasian	continent	(Petoukhov	and	Semenov,	2010;	Overland	et	al.,	2011;	Tang	
et	al.,	2013;	Cohen	et	al.,	2014;	Mori	et	al.,	2014;	Kim	et	al.,	2014;	Kim	and	Son,	







and	 Stroeve,	 2015;	 Kim	 et	 al.,	 2016).	 At	 the	 same	 time,	 lower	 tropospheric	
winter	temperature	has	risen	by	~2K	during	the	same	time	interval	(Connolly	
et	al.,	2017;	Johannessen	et	al.,	2016;	Kim	et	al.,	2016).	
Previous	 studies	 have	 proposed	 the	 physical	 mechanisms	 of	 Arctic	





and	 Simonds,	 2010a;	Kim	 et	 al.,	 2016).	 The	 accurate	 physical	 process	 of	 the	
Arctic	amplification,	however,	is	subject	to	debate.	 	
Due	 to	 the	 large	 seasonal	 variation	 of	 insolation,	 there	 exists	
pronounced	seasonality	in	the	air-sea	interaction	process	over	the	Arctic	Ocean.	
During	summer,	open	water	 readily	absorbs	solar	 radiation,	which	results	 in	
increased	heat	content	in	the	oceanic	mixed	layer.	This	represents	the	so-called	
albedo	feedback	(Deser	et	al.,	2000;	Serreze	et	al.,	2009;	Screen	and	Simmonds.,	
2010a;	Deser	et	 al.,	 2010;	Serreze	and	Barry,	2011),	meaning	 that	 the	Arctic	
Ocean	 is	 efficient	 in	 absorbing	 radiation	 energy	 during	 summer.	 The	 albedo	
feedback	 is	also	 important	during	 the	snow	and	 ice	melt	 in	 spring	and	early	
summer	even	before	 the	appearance	of	open	sea.	After	 the	sun	sets	over	 the	
Arctic	Ocean,	 the	 ice-albedo	 feedback	 is	 suppressed	 and	 the	primary	 air-sea	





in	 warming	 of	 the	 atmosphere.	 The	 decreased	 insulation	 effect	 (Screen	 and	
Simmonds,	 2010b)	 due	 to	 the	 loss	 of	 sea	 ice	 also	 promotes	 further	 sea	 ice	
reduction.	Thus,	heat	transfer	between	the	ocean	and	atmosphere	is	generally	
considered	 as	 the	 fundamental	 mechanism	 of	 Arctic	 amplification,	 which	 is	
pronounced	only	during	 the	cold	season.	On	the	other	hand,	 increased	cloud	








is	 not	 fully	 understood.	 Accurately	 quantifying	 the	 contribution	 of	 these	




Chukchi	 Seas	 (Kim	 et	 al.,	 2016;	 Yang	 et	 al.,	 2016).	 Sea	 ice	 reduction	 in	 the	
Barents-Kara	Seas	persists	throughout	the	year,	in	contrast	to	the	seasonality	of	






completely	 in	 the	 Barents–Kara	 Seas.	 Consequently,	 turbulent	 heat	 flux	
becomes	 available	 in	 winter	 in	 the	 Barents–Kara	 Seas	 for	 heating	 the	
atmospheric	 column,	which	 in	 turn	 increases	downward	 longwave	 radiation.	
Kim	 and	 Kim	 (2017)	 also	 showed	 that	 the	 major	 drivers	 for	 increases	 in	
downward	longwave	radiation	and	precipitable	water	differ	regionally.	In	the	












vapor	 and	 heat	 energy	 into	 the	 Arctic	 from	 lower	 latitudes,	 rather	 than	
evaporation	 from	 the	 Arctic	 Ocean.	 Park	 et	 al.	 (2015b)	 suggested	 that	
northward	 flux	 of	 moisture	 into	 the	 Arctic	 is	 connected	 with	 enhanced	




Burt	 et	 al.	 (2016),	 on	 the	 other	 hand,	 showed	 that	 the	 simulated	
moistening	 of	 the	 Arctic	 atmosphere	 during	 winter	 is	 primarily	 due	 to	 an	


























In	 the	 second	 part	 of	 the	 thesis	 (chapter	 4),	 relative	 role	 of	 vertical	
processes	resulting	 from	the	reduction	of	sea	 ice	 in	 the	Barents-Kara	seas	 to	
horizontal	advective	processes	is	investigated.	In	particular,	thermal	energy	and	
moisture	budgets	are	analyzed	over	the	region	of	sea	ice	reduction	in	order	to	
delineate	 the	 relative	 roles	 of	 horizontal	 and	 vertical	 processes.	 Moisture	
budget	equation	is	used	to	compare	the	horizontal	moisture	advection	term	and	
vertical	 source	 of	 evaporation	 minus	 precipitation	 in	 explaining	 specific	
humidity	change	in	the	atmospheric	column.	Thermal	energy	budget	equation	
is	 used	 to	 assess	 the	 relative	 importance	 of	 horizontal	 heat	 advection	 and	
vertical	source	of	energy	from	the	release	of	turbulent	heat	fluxes	and	radiation	
trapped	 in	 the	 atmospheric	 column.	Moreover,	moist	 static	 energy	 budget	 is	



















,	 ,	 	 	 	 	 	 	 	 (1)	
where	 	 depicts	daily	winter	evolution	of	the	 th	physical	process	and	
	 describes	how	 the	 amplitude	of	 the	 evolution	 varies	 on	 a	 longer	 time	
scale,	and	 	 and	 	 denote	 location	and	time,	respectively.	Since	the	nested	
period	 is	 	 days,	 each	 loading	 vector,	 ,	 consists	 of	 90	 spatial	
patterns	 which	 depict	 evolution	 of	 a	 variable	 throughout	 the	 winter.	 These	
winter	 evolution	 patterns,	 ,	 repeat	 every	 winter,	 but	 its	 amplitude	
varies	 from	 one	 year	 to	 another	 according	 to	 the	 corresponding	 principal	
	T(r , 	t)= Bn(r , 	t)Tnn∑ (t) 	Bn(r , 	t)= Bn(r , 	t +d)
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seen	 in	 a	 physical	 process	 (such	 as	 El	 Niño	 or	 seasonal	 cycle),	 and	
corresponding	 PC	 time	 series	 describes	 a	 long-term	 modulation	 of	 the	













(1),	 physically	 consistent	 loading	 vectors	 of	 another	 variable,	 called	 the	
“predictor”	variable,	are	obtained	as	follows:	
Step	1:	CSEOF	analysis	on	a	new	variable	 	
	 	 	 	 	 	 ,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	
Step	2:	regression	analysis	on	a	target	PC	time	series	 	
	Tn(t)
	P(r , 	t)= Cn(r , 	t)Pn(t)n∑
 
 ９ 
	 	 	 	 	 	 ,	 	 	 	 	 	 	 	 	 (3)	
	 	 	 	 	 	 Step	3:	construction	of	regressed	loading	vector	
	 	 	 	 	 	 .	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (4)	
Then,	the	target	and	predictor	variables	together	can	be	written	as	
	 .	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (5)	
Namely,	 the	 loading	 vectors	 of	 the	 two	 variables,	 	 and	 ,	
share	 an	 identical	 PC	 time	 series,	 ,	 for	 each	mode	 𝑛 .	 As	 a	 result,	 the	
evolution	of	a	physical	process	manifested	as	 	 and	 	 in	two	
different	 variables	 is	 governed	by	 a	 single	 amplitude	 time	 series.	Otherwise,	
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where	the	terms	in	curly	braces	denote	physically	consistent	evolutions	derived	
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faithfully	 captured	 by	 this	 mode.	 In	 particular,	 the	 rate	 of	 sea	 ice	 loss	 has	
significantly	increased	since	2004-2005	(Vihma,	2014).	 	
Figure	 3.2	 shows	 the	 patterns	 of	 decadal	 trend	 and	 the	 averaged	
regressed	 loading	 vector	 for	 the	winter	 2	m	 air	 temperature	 variations.	 The	
warming	pattern	of	surface	air	derived	from	the	regressed	loading	vector	(Fig.	
3.2b)	 is	 consistent	 with	 the	 trend	 in	 the	 2	 m	 air	 temperature	 (Fig.	 3.2a).	





Figure	 3.3	 shows	 the	 winter-averaged	 pattern	 of	 	 together	
with	the	regressed	patterns	from	other	variables	(the	terms	in	the	curly	braces	
in	 (6)).	 In	 association	 with	 the	 sea	 ice	 loss,	 2	 m	 air	 temperature,	 850	 hPa	




2	 m	 air	 temperature,	 upward	 longwave	 radiation	 and	 turbulent	 (sensible	 +	
latent)	heat	flux	match	well	with	the	region	of	sea	ice	loss	in	the	Barents-Kara	





In	 accordance	 with	 the	 reduced	 sea	 ice	 concentration,	 upward	 longwave	





sea	 ice	 reduction	appears	 to	be	accelerating.	A	 curve	 fit	with	an	exponential	
function	results	in	 	




where	 𝑝𝑐(𝑡)	 is	 the	amplitude	time	series	 in	Fig.	3.1c,	and	 𝑡	 is	 time	in	years	
since	 1979.	 We	 obtained	 the	 fitting	 curve	 (dashed	 curve	 in	 Fig.	 3.1d)	 with	
parameters	 𝑎 = 1.275 × 10<= ,	 𝜆 = 8.916 × 10<A ,	 and	 𝑏 = −9.055 × 10<= .	
Equation	(7)	can	be	rewritten	as	 	












     
Figure	3.1.	(a)	The	yearly	trend	(%)	of	winter	sea	ice	reduction	in	the	Arctic	
Ocean	 during	 1979-2018,	 (b)	 the	winter	 (Dec.	 1–Feb.	 28) averaged	 loading	
vector	of	the	sea	ice	loss	mode,	(c)	the	corresponding	PC	(amplitude)	time	series	
(red	solid	curve)	and	amplification	curve	(blue	dashed	curve),	and	(d)	actual	sea	


































Seas;	 actual	 variation	 from	 the	 raw	 data	 (black	 dotted	 curve),	 reconstructed	
variation	according	to	the	sea	ice	loss	mode	(red	curve).	The	green	contours	in	
(a)–(b)	represent	sea	ice	reduction	in	Fig.	3.1(b)	(the	same	hereinafter).	 	
(a) Decadal Trend (˚C) (b) T2m Loading Vector (˚C)





















and	 2	m	 air	 temperature	 (contour),	 (b)	 1000–850	 hPa	 specific	 humidity,	 (c)	
upward	 longwave	radiation,	 (d)	downward	 longwave	radiation,	 (e)	 turbulent	
(sensible	 +	 latent)	 heat	 flux,	 (f)	 850	 hPa	 air	 temperature.	 The	 numbers	 in	
parenthesis	are	contour	intervals	and	negative	contours	are	dashed.	
	 	
(a) SIC (2%) & 2m AIR T (0.5˚C) (b) 1000-850 hPa SH (3×10-2 g kg-1)
(c) ULW at SFC (2 W m-2) (d) DLW at SFC (2 W m-2)



























Figure	 3.5	 shows	 the	 anomalous	 surface	 (2	 m)	 air	 temperature,	 the	
lower	tropospheric	geopotential	height	and	wind	and	the	vertical	cross	section	
of	 anomalous	 temperature,	 geopotential	 height,	 wind	 and	 pressure	 layer	
thickness	 along	 60°E	 and	 80°N	 associated	 with	 the	 sea	 ice	 reduction.	 A	
significant	warming	is	seen	in	the	lower	troposphere	(e.g.,	Serreze	and	Francis,	










,	 	 	 	 	 	 	 	 	 	 	 	 	 	 (10)	
where	
,	 	 	 .	 	 	 	 	 	 	 	 	 	 	 	 	 	 (11)	
As	can	be	seen	in	Fig.	3.5,	the	anomalous	geopotential	height	field	is	nearly	in	
hydrostatic	 balance	with	 the	 anomalous	 temperature	 field.	 The	 difference	 is	
partially	 due	 the	 use	 of	 layer	 mean	 temperature	 	 in	 a	 finite-difference	





























The	 winter-averaged	 patterns	 of	 anomalous	 downward	 longwave	
radiation	 and	 specific	 humidity	 look	 fairly	 similar	 to	 that	 of	 850	 hPa	 air	





























black	 contours	 (3	 m),	 and	 (c)	 zonal	 and	 (d)	 meridional	 winds	 are	 in	 blue	
contours	 (0.2	 m	 s-1).	 (e	 and	 f)	 pressure	 layer	 thickness	 ( )	
derived	from	the	geopotential	height	pattern	in	(c)	and	(d)	(shading)	and	that	
(a) 2m AIR T (0.5° C) (b) Z (3 m) & UV









(e) 60° E (f ) 80° N



















(a) 850 hPa T (0.2° C) & SAT (0.5° C) (b) SH (0.02 g kg-1) & DLW (2 W m-2)









in	 order	 to	 confirm	 that	 conclusions	 drawn	 in	 the	 present	 study	 are	 robust.	
Figures	3.7,	3.8	and	3.9	show	the	regressed	loading	vectors	derived	from	the	





winter-averaged	 regressed	 loading	 vectors	 of	 precipitation	 and	 evaporation	
derived	from	the	MERRA	reanalysis	product	 in	comparison	with	those	of	 the	
ERA-Interim	 reanalysis	product	with	 the	 respective	 sea	 ice	 loss	mode	as	 the	
target.	It	 is	shown	that	the	loading	patterns	of	precipitation	and	evaporation,	
difficult	variables	to	simulate	in	reanalysis	models,	are	rather	similar	between	
the	 two	 reanalysis	 products	 except	 for	 small	 differences	 in	 scales.	 This	


















(a) SIC (2%) & 2m AIR T (0.5˚C) (b) 1000-850 hPa SH (3×10-2 g kg-1)
(c) ULW at SFC (2 W m-2) (d) DLW at SFC (2 W m-2)





Figure	 3.8.	 The	 regressed	 patterns	 of	 atmospheric	 variables	 based	 on	 the	
MERRA	reanalysis	product	(1979-2015).	The	target	is	the	sea	ice	loss	mode.	
	 	
(a) SIC (2%) & 2m AIR T (0.5˚C) (b) 1000-850 hPa SH (3×10-2 g kg-1)
(c) ULW at SFC (2 W m-2) (d) DLW at SFC (2 W m-2)







(a) SIC (2%) & 2m AIR T (0.5˚C) (b) 1000-850 hPa SH (3×10-2 g kg-1)
(c) ULW at SFC (2 W m-2) (d) DLW at SFC (2 W m-2)







total	 precipitation	 (mm)	 and	 (d)	 evaporation	 (mm)	 based	 on	 the	 MERRA	
reanalysis	product	(1979-2015).	
	 	
(a) ERA-Interim PRCP (mm) (b) ERA-Interim EVAP (mm)




A	 prominent	 source	 of	 energy	 available	 for	 heating	 the	 atmospheric	
column	is	the	increased	turbulent	heat	flux	from	the	sea	surface	exposed	to	air	
due	 to	 sea	 ice	 reduction	 (Fig.	 3.11).	 Figure	 3.12	 shows	 the	 winter	 daily	





radiation	 (see	 Fig.	 3.12a),	 turbulent	 heat	 flux	 (see	 Fig.	 3.11)	 is	 locally	more	
pronounced	 than	 longwave	 radiation	 (Deser	 et	 al.,	 2010).	 Furthermore,	 the	
combined	 effect	 of	 turbulent	 heat	 flux	 is	 about	 6	 times	 larger	 than	 that	 of	
longwave	radiation,	since	upward	and	downward	longwave	radiation	tends	to	
offset	 each	 other	 and	 the	 resulting	 net	 longwave	 radiation	 is	 comparatively	
smaller	than	the	net	upward	turbulent	heat	flux	(Fig.	3.12a).	In	the	presence	of	
turbulent	 heat	 flux,	 air	 temperature	 and,	 henceforth,	 downward	 longwave	
radiation	can	increase	continually	leading	to	further	sea	ice	reduction.	
While	the	increased	downward	longwave	radiation	is	a	key	element	of	
sea	 ice	 reduction,	 it	 is	not	 a	 sustainable	physical	process	by	 itself.	The	area-
averaged	magnitudes	of	the	upward	and	downward	longwave	radiation	exceed	
those	 of	 the	 sensible	 and	 latent	 heat	 flux	 in	 the	Barents	 and	Kara	 Seas	 (Fig.	
3.12a).	The	net	amount	of	upward	longwave	radiation,	however,	is	much	smaller	











ocean	 surface	 is	 exposed	 due	 to	 the	 reduction	 of	 sea	 ice	 by	 ocean	 current	
(Schlichtholz,	 2011;	 Smedsrud	et	 al.,	 2013)	or	wind	 (Park	et	 al.,	 2015b),	 the	
enhanced	 turbulent	 heat	 flux	 helps	 sustain	 sea	 ice	 reduction	 by	 increasing	
downward	longwave	radiation.	However,	the	release	of	turbulent	heat	flux	can	
continue	only	when	 sea	 surface	 remains	 to	be	 free	of	 ice.	While	 an	 accurate	
energy	budget	 is	 difficult	 to	 evaluate	 in	 the	 context	 of	 data	 analysis,	 Fig.	 3.1	
indicates	 that	 open	 sea	 surface	 area	 tends	 to	 increase	 in	 time,	 leading	 to	
increasing	turbulent	heat	flux	from	the	surface	in	the	Barents-Kara	Seas.	This	
indicates	that	sea	ice	is	not	fully	recovered	every	year	and	turbulent	heat	flux	
increases	 as	 open	 sea	 surface	 area	 expands.	 Heat	 transport	 by	 the	 warm	
Norwegian	 current	may	be	 a	 likely	mechanism	 for	 keeping	 sea	 surface	 from	





























flux	 (red	 contour)	 and	 latent	 heat	 flux	 (black	 contour),	 and	 (d)	 net	 energy	
balance	 (sensible	heat	 flux	+	 latent	heat	 flux	+	upward	 longwave	radiation	–	
downward	longwave	radiation).	
	 	
(a) 2m AIR T  (0.5° C)  &  850 hPa T  (0.2° C) (b) ULW & DLW  (2 W m-2)




                       
Figure	3.12.	Daily	patterns	of	variability	over	the	region	of	sea	ice	loss	(21°–
79.5°	 E	 ´	 75°–79.5°	 N):	 (a)	 upward	 longwave	 radiation	 (blue	 dashed),	
downward	longwave	radiation	(blue	dotted),	net	longwave	radiation	(blue	solid)	
with	its	mean	value	(blue	straight	line),	sensible	heat	flux	(red	dashed),	latent	




(c)	 represent	 the	 winter	 mean	 value	 of	 anomalous	 2	 m	 air	 temperature.	
Correlation	 of	 upward	 and	 downward	 longwave	 radiation	 with	 2	 m	 air	
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Figure	3.14.	 Lagged	 correlations:	 (a)	 correlation	of	upward	 (solid	 lines)	 and	
downward	(dotted	lines)	longwave	radiations	with	2	m	air	temperature	(blue),	
850	hPa	temperature	(red),	and	sea	ice	concentration	(black),	and	(b)	a	blowup	
of	 the	 boxed	 region	 in	 (a).	 Longwave	 radiation	 lags	 the	 other	 variable	 for	 a	
positive	lag.	Lagged	correlation	between	2	m	air	temperature	and	850	hPa	air	

















Therefore,	 the	 feedback	mechanism	 is	 proposed	 as	 suggested	 in	 Fig.	












,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 (13)	
Step	3:
	
,	 	 	 	 	 	 	 	 	 	 	 (14)	
Step	4:
	
,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (15)	
where	 𝑆	 is	 sea	 ice	concentration,	 𝑇	 is	 tropospheric	 (850	hPa)	 temperature,	
𝐿𝑊↓	 is	downward	longwave	radiation,	and	the	net	upward	flux	 𝐹𝐿↑	 is	the	sum	
of	net	 short	and	 longwave	radiation	and	sensible	and	 latent	heat	 fluxes.	 It	 is	





longwave	radiation.	This	process	 is	being	amplified	according	 to	 the	PC	 time	
series	in	Fig.	3.1c.	As	sea	ice	concentration	dwindles	as	in	Fig.	3.1d,	turbulent	
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heat	 flux	and	upward	 longwave	radiation	 increase	and,	as	a	result,	 the	 lower	
tropospheric	temperature	and	downward	longwave	radiation	increase.	














net	 upward	 energy	 flux	 increases	 air	 temperature.	 As	 a	 result,	 downward	









humidity	 is	 also	 evident	 (Fig.	 4.1b).	 Calculation	 based	 on	 the	 Clausius-
Clapeyron	 relationship	 (Iribarne	 and	 Godson,	 1981;	 North	 and	 Erukhimova	
2009)	 shows	 that	 the	 increased	 saturation	 specific	 humidity	 owing	 to	 the	
increased	air	 temperature	 is	commensurate	 in	magnitude	with	the	 increased	
specific	humidity.	Figure	4.1	shows	that	the	winter-averaged	patterns	of	specific	




longwave	 radiation	 increases,	 whereas	 downward	 longwave	 radiation	 also	
increases	 due	 to	 increased	 lower	 tropospheric	 temperature.	 In	 the	 previous	
chapter,	 contribution	of	 this	 vertical	 feedback	mechanism	 to	 sea	 ice	 loss	has	
been	estimated.	 	
Figure	4.2	shows	the	regressed	pattern	of	moisture	and	heat	advection.	







are	 at	 least	 partly	 responsible	 for	 the	 variation	 of	 specific	 humidity	 and	
temperature	in	the	lower	troposphere.	Therefore,	it	is	necessary	to	compare	the	
relative	importance	of	the	vertical	process	and	the	horizontal	advection.	In	this	















(a) 60°E (T, Z, U) (b) 80°N (T, Z, V)
















,	 	 	 	 	 	 	 	 (16)	
where	 	 is	 specific	 humidity,	 	 is	 velocity,	 	 is	 pressure,	 	 is	
“omega”	vertical	velocity,	 	 is	moisture	source,	and	the	subscript	 	 denotes	
that	differentiation	is	on	a	constant	pressure	surface.	If	we	multiply	(16)	by	 	
and	integrate	the	resulting	equation	with	respect	to	 ,	we	obtain	
,	 	 	 	 	 	 (17)	
where	 	 is	density	of	air,	 	 is	density	of	water,	and	the	moisture	source	is	
equal	 to	 evaporation	 ( )	 minus	 precipitation	 ( ).	 Equation	 (17)	 can	 be	
rewritten	as	
,	 	 	 	 	 	 (18)	
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The	 spatial	 and	 temporal	 patterns	 of	 specific	 humidity,	 horizontal	
advection	 and	 vertical	 source	 terms	 in	 (18),	 in	 association	 with	 the	 sea	 ice	
reduction	in	Fig.	3.1b,	are	summarized	in	Figs.	4.3,	4.4	and	Table	4.1.	The	winter-
averaged	 regressed	 pattern	 of	 lower-tropospheric	 (1000–850	 hPa)	 specific	





















4.1).	 Thus,	 the	 variability	 of	 specific	 humidity	 (not	 the	 mean)	 is	 strongly	
controlled	by	the	horizontal	advection	of	moisture.	During	advection	of	dry	air,	
net	 evaporation	 is	 increased	 and	 vice	 versa	 as	 indicated	 by	 the	 negative	








(evaporation	 minus	 precipitation),	 and	 (d)	 total	 (horizontal	 plus	 vertical)	
moisture	supply.	All	the	terms	are	converted	into	specific	humidity	(g	kg–1).	
	 	
(a) ΔSH (b) ADV









the	 winter	 means	 of	 individual	 variables.	 (b)	 Lagged	 correlation	 between	














































SH	( )	 1.684	 –	 0.646	 –	
H	ADV	 0.603	 35.8	 0.555	 0.564	
SRC	(E–P)	 1.032	 61.3	 0.564	 –0.087	
V	CNV	 0.091	 5.4	 0.109	 0.587	
TOT	 1.726	 102.5	 0.650	 0.434	










,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 (19)	
where	the	stability	parameter	 	 is	defined	by	
.	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (20)	
Here	 	 is	the	specific	heat	at	constant	pressure,	 	 is	the	specific	gas	constant,	
	 is	 potential	 temperature,	 and	 	 is	 diabatic	 forcing	 (heat	 flux	 per	 unit	
volume).	If	we	integrate	(19)	with	respect	to	 ,	we	have	
	 .	 	 	 	 	 	 	 	 (21)	
The	diabatic	forcing	includes	latent	and	sensible	heat	flux	at	the	surface	as	well	
as	 radiative	 forcing	 in	 the	 atmospheric	 column	 produced	 by	 the	 increased	
specific	humidity.	Thus,	we	assume	that	the	last	term	can	be	written	as	
	 ,	 	 	 	 	 	 	 	 	 (22)	
where	 ,	 	 and	 	 are	sensible	heat	flux,	latent	heat	flux,	and	radiative	flux,	
respectively.	The	radiative	flux	in	the	entire	atmospheric	column	is	determined	
by	the	net	radiation	trapped	in	the	atmospheric	column,	i.e.,	
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in	radiative	 forcing	 in	the	atmospheric	column,	which	 is	primarily	due	to	the	
increased	 specific	 humidity.	 As	 can	 be	 seen	 in	 Fig.	 4.5b,	 there	 is	 a	 strong	




with	 the	 PC	 time	 series	 (Fig.	 3.1c).	 Thus,	 the	 increased	 moisture	 is	 one	 of	
important	 reasons	 for	 atmospheric	 warming	 associated	 with	 Arctic	
amplification.	 	 	
The	ERA-Interim	reanalysis	products	provide	longwave	radiation	only	
at	 the	 surface	 and	 the	 top	 of	 the	 atmosphere.	 In	 order	 to	 evaluate	 the	




can	 be	 seen	 in	 Figs.	 4.1c	 and	 4.1d,	 increase	 in	 specific	 humidity	 is	 mainly	
confined	to	the	lower	troposphere	(see	also	Fig.	4.6).	Therefore,	heating	due	to	
greenhouse	 effect	 should	 be	most	 conspicuous	 in	 the	 lower	 troposphere.	 As	
seen	in	Figs.	4.1a	and	4.1b,	atmospheric	warming	is	also	most	conspicuous	in	










reduction.	 Figure	 4.7	 shows	 the	 terms	 on	 the	 right-hand	 side	 of	 (21).	 The	






fairly	 similar,	 both	 in	 terms	 of	 the	 pattern	 and	 magnitude,	 to	 the	 lower-
tropospheric	temperature	increase	(Fig.	4.8).	 	 	
Figure	4.9a	shows	 the	daily	variation	of	 temperature	and	 the	heating	
terms	in	(21)	converted	into	temperatures	averaged	over	the	region	of	sea	ice	





temperature	plus	37%	of	the	greenhouse	effect	(0.30	K).	 	 	 	




4.9b).	During	a	 cold	advection,	 tropospheric	 temperature	decreases	and	vice	
versa.	 It	 is	 also	 apparent	 that	 turbulent	 heat	 flux	 increases	 during	 a	 cold	
advection	and	vice	versa	as	indicated	by	the	negative	correlation	(–0.552)	at	lag	
zero.	As	can	be	seen	in	Fig.	4.9b	and	Table	4.2,	the	sum	of	turbulent	heat	flux	
and	 greenhouse	 effect	 has	 the	 negative	 correlation	 with	 the	 tropospheric	
temperature	 even	 though	 the	 greenhouse	 effect	 correlates	 with	 the	
tropospheric	temperature	positively	because	the	variation	of	the	turbulent	heat	
flux	is	larger	than	that	of	the	greenhouse	effect.	Thus,	the	turbulent	heat	flux	
tends	 to	moderate	 the	 effect	 of	 thermal	 advection	 over	 the	 region	of	 sea	 ice	
reduction.	This	compensation	accomplished	by	turbulent	heat	flux,	however,	is	
small	compared	with	the	thermal	advection	itself.	As	a	result,	the	total	heating	




hand,	 the	 turbulent	 flux	 term,	 the	advection	 term,	and	 the	greenhouse	effect	
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and	 (d)	 greenhouse	 effect.	 All	 the	 terms	 are	 converted	 into	 temperature	
anomalies	(K).	 	
(a) TOT (b) ADV

































































AIR	T	( )	 2.149	 –	 0.698	 –	
H	ADV	 0.623	 29.0	 0.600	 0.615	
FLX	 0.685	 31.9	 0.391	 –0.304	
RAD	 0.809	 37.6	 0.104	 0.680	
V	CNV	 0.020	 0.9	 0.353	 0.080	
TOT	 2.137	 99.4	 0.665	 0.577	









,	 	 	 	 	 	 	 	 	 	 (24)	
where	 	 (=1004	 J	 kg-1	 K-1)	 is	 specific	 heat	 at	 constant	 pressure,	 	 is	
temperature	 (K),	 	 (=9.8	 m	 s-2)	 is	 gravitational	 acceleration,	 	 (m)	 is	
elevation,	 	 (=2265 ´103	J	kg-1)	is	latent	heat	of	evaporation,	and	 	 (kg	kg-
1)	is	specific	humidity.	Thus,	the	unit	of	moist	static	energy	is	J	kg-1.	Change	in	
moist	static	energy,	therefore,	is	written	as	
,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (25)	
where	 	 is	geopotential.	Then,	CSLV	of	moist	static	energy	can	be	determined	
from	CSLVs	of	air	temperature,	geopotential,	and	specific	humidity.	Figure	4.10	
shows	 the	winter-averaged	 regressed	 pattern	 of	moist	 static	 energy	 derived	







forcing,	 and	 SW	 is	 shortwave	 radiative	 forcing.	 The	 right-hand	 side	 of	 (26)	
represents	 the	 source	 term	 including	 turbulent	 heat	 flux	 entering	 the	
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and	the	moisture	equation	scaled	respectively	by	 	 and	 	 (chapter	4.1	and	
4.2)	except	that	potential	energy	( )	is	added	to	the	left-hand	side	of	(26).	It	






Figure	 4.11	 shows	 the	 winter-averaged	 advection	 term,	 flux	 term,	





region.	The	advection	 term	 is	 seen	mainly	on	 the	Atlantic	 side	of	 the	 sea	 ice	
reduction.	 These	 three	 terms	 on	 the	 right-hand	 side	 of	 (27)	 are	 reasonably	
similar	in	magnitude.	
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Figure	4.13a	shows	 the	daily	variation	of	each	 term	 in	 (27)	averaged	
over	the	region	of	sea	ice	reduction.	As	can	be	seen,	advection,	heat	flux,	and	
radiative	 forcing	make	 nearly	 equal	 contributions	 to	 changes	 in	moist	 static	
energy	 over	 the	 region	 of	 sea	 ice	 loss.	 Figure	 4.13b	 further	 shows	 lagged	
correlations	 among	 the	 daily	 variation	 of	 moist	 static	 energy,	 horizontal	
advection,	vertical	heat	flux,	and	total	heating	term	as	defined	in	(27)	averaged	
over	 the	 Barents-Kara	 Seas.	 Variation	 of	 moist	 static	 energy	 is	 strongly	
correlated	with	both	the	advection	term	(corr=0.640)	and	the	total	heating	term	
(corr=0.593).	Heat	 flux	 term	 is	 negatively	 correlated	 (corr=–0.526)	with	 the	

















flux,	 (c)	 radiation,	 and	 (d)	 total	 (right-hand	 side	 of	 (27)).	 All	 quantities	 are	
scaled	by	 .	
  
(a) ADV (b) FLX
(c) RAD (d) TOT









(a) ΔMSE (b) TOT








(MSE),	 turbulent	 flux	 (FLX),	 radiation	 (RAD),	 horizontal	 advection	 of	 moist	
static	 energy	 (ADV),	 and	 sum	 of	 all	 contributions	 (TOT).	 The	 straight	 lines	
represent	 the	 winter	 means	 of	 individual	 variables.	 (b)	 Lagged	 correlation	






































profile	 of	 anomalous	 temperature	 and	 specific	 humidity	 in	 Fig.	 4.6).	 The	
conspicuous	warming	signal	is	in	the	lower	troposphere	below	approximately	
700	hPa	and	two	different	choices	( 900	and	 750	hPa)	of	the	upper	level	





Difference	 in	 relative	 contributions	 of	 the	 terms	 in	 the	moisture	 and	
heat	 budget	 equations	 becomes	 gradually	 smaller	 as	 the	 level	 of	 the	 upper	
boundary	 increases.	 This	 is	 an	 expected	 result,	 since	 contribution	 from	 the	
vertical	 processes	 generally	 decreases	 with	 elevation,	 whereas	 contribution	
from	 the	 horizontal	 processes	 may	 not	 necessarily	 decrease	 with	 elevation.	
However,	the	level	of	closure	for	heat	and	moisture	budget	equations	does	not	
seriously	alter	the	relative	importance	of	the	terms	in	the	budget	equation,	and	























Kara	 Seas	 (boxed	 area	 in	 Fig.	 3.1a).	 The	 straight	 lines	 represent	 the	 winter	
means	of	individual	variables.	 	
(a) ΔSH (b) ADV






























Kara	 Seas	 (boxed	 area	 in	 Fig.	 3.1a).	 The	 straight	 lines	 represent	 the	 winter	
means	of	individual	variables.	 	
(a) ΔSH (b) ADV
























Figure	 4.16.	 The	 winter-averaged	 lower-tropospheric	 (1000–900	 hPa)	
patterns	of	(a)	total	heat,	(b)	heat	transport,	(c)	turbulent	(sensible	+	 latent)	
heat	 flux,	 and	 (d)	 greenhouse	 effect.	 All	 the	 terms	 are	 converted	 into	




(a) TOT (b) ADV





















Figure	 4.17.	 The	 winter-averaged	 lower-tropospheric	 (1000–750	 hPa)	
patterns	of	(a)	total	heat,	(b)	heat	transport,	(c)	turbulent	(sensible	+	 latent)	
heat	 flux,	 and	 (d)	 greenhouse	 effect.	 All	 the	 terms	 are	 converted	 into	
temperature	 anomalies	 (K).	 (e)	 Daily	 fluctuation	 of	 1000–750	 hPa	 averaged	
temperature	(AIR	T),	turbulent	flux	(FLX),	radiation	(RAD),	and	horizontal	heat	
transport	(ADV).	The	thick	red	curve	is	the	sum	of	turbulent	flux	and	radiation	
(SRC).	The	straight	lines	represent	the	winter	means	of	individual	variables.	 	 	 	
(a) TOT (b) ADV


























(a) TOT (b) ΔT





Figure	 4.19.	 Contributions	 of	 the	 horizontal	 and	 vertical	 processes	 to	 (a)	
moisture	 increase	 and	 (b)	 air	 temperature	 increase	 according	 to	 the	 level	 of	
budget	 closure	 in	 the	 lower	 troposphere.	 In	 (a;	 moisture	 budget	 case),	
horizontal	 moisture	 advection	 and	 moisture	 source	 (evaporation	 minus	
precipitation)	are	compared.	In	(b;	heat	budget	case),	horizontal	heat	advection	
and	greenhouse	effect	induced	by	horizontal	moisture	advection	is	compared	









































surface	 is	 exposed	 to	 air	 and	 upward	 longwave	 radiation	 increases	 due	 to	
summer	sea	surface	warming,	the	increased	upward	longwave	radiation	alone	




downward	 longwave	 radiation	 increases	 and	 sea	 ice	 reduction	 continues	 in	





ice	 cover	 in	 the	Barents	 and	Kara	 Seas	was	~80	%	 in	1979	and	 is	 currently	
~40	%.	An	exponential	curve	is	fitted	to	the	amplitude	time	series	of	the	sea	ice	
loss	mode	(Fig.	3.1d);	an	exponential	 fitting	 is	chosen,	since	 it	minimizes	the	




It	 should	 be	 pointed	 out	 that	 this	 feedback	 process	 could	 develop	 in	
other	areas	of	the	Arctic	Ocean.	If	sea	ice	refreezing	is	delayed	in	late	fall/winter,	





Arctic	 amplification	 in	order	 to	delineate	 the	 relative	 roles	of	horizontal	 and	
vertical	processes.	The	conspicuous	warming	signal	is	in	the	lower	troposphere	
below	 approximately	 700	 hPa.	 Therefore,	 the	 analysis	 results	 are	 shown	
primarily	for	the	lower	troposphere	(1000–850	hPa).	
The	 moisture	 budget	 indicates	 that	 about	 60%	 of	 the	 increased	





humidity	 in	 the	 lower	 troposphere.	 The	 moisture	 advection	 is	 strongly	
correlated	with	the	variability	of	 the	specific	humidity	over	the	Barents-Kara	
Seas.	During	the	advection	of	humid	air,	evaporation	decreases	and	vice	versa.	 	 	 	
The	 heat	 and	moist	 static	 energy	 budget	 indicates	 that	 temperature	
increase	in	the	lower	troposphere	is	almost	equally	partitioned	into	turbulent	




evaporation	 plays	 an	 important	 role	 in	 Arctic	 amplification.	 Specifically,	 the	
greenhouse	effect	produced	by	the	increased	specific	humidity	is	comparable	in	
magnitude	to	that	of	the	increased	turbulent	heat	flux.	The	increased	specific	
humidity,	 of	 course,	 is	 a	 result	 of	 moisture	 source	 (evaporation	 minus	
precipitation)	and	horizontal	advection	of	moisture	as	addressed	above.	Then,	
the	remaining	lower	tropospheric	temperature	increase	is	primarily	explained	





the	 magnitude	 of	 the	 greenhouse	 effect	 caused	 by	 the	 increased	 specific	
humidity	at	an	arbitrary	vertical	level.	This	is	accomplished	by	apportioning	the	


















A	 limited	 test	 using	 different	 reanalysis	 products	 indicates	 that	 the	
atmospheric	 response	 to	 the	 sea	 ice	 reduction	 is	 generally	 robust	 and	 is	not	
overly	 sensitive	 to	 the	 choice	of	 reanalysis	data.	 It	 should	be	borne	 in	mind,	
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겨울철 북극 증폭에 관한 수직 되먹임 기작과 
수평과정과의 상대적 역할 







바렌츠-카라해를 중심으로 해빙의 감소가 가속화되고 있으며, 
이러한 북극 해빙의 유실 증가를 설명하기 위한 여러가지 메커니즘이 
제시되어 왔으나 명확하게 규명이 되지 못하고 있는 실정이다. 본 
연구에서는 1일 간격의 ERA Interim 재해석 자료를 이용하여 겨울철 
(12월 – 2월) 해빙 감소의 상세한 물리적 메커니즘을 규명하였다. 하향 
장파복사가 해빙 감소의 필수 요소이기는 하지만 그 자체만으로는 
해빙의 감소를 지속시키지 못하며 해빙이 유실된 해역의 대기에 노출된 
해수면에서 과잉 방출되는 열 플럭스에 의해 해빙 감소가 지속될 수 
있음을 확인하였다. 증가한 난류 열 플럭스는 하층 대기의 기온과 습도 
증가에 기여하며 하향 장파 복사의 증가로 이어진다. 1979년부터 
2018년까지의 재해석 자료를 분석한 결과, 이러한 피드백 과정이 
바렌츠-카라해를 중심으로 뚜렷하게 나타났으며, 매년 약 8.9%의 비율로 
증폭되고 있는 것으로 확인되었다. 과잉 열 플럭스 방출에 의해 
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지속되는 해빙 감소 피드백 과정은 해빙으로 덮인 다른 극지방에서도 
겨울철에 해빙이 완전히 회복되지 않을 경우 유사하게 나타날 수 있을 
것으로 예상된다.  
한편 열 플러스 방출, 증발 및 강수, 상하향 장파 복사 등과 같은 
수직 과정이 해빙 감소에 기여하는 정도를 열과 수증기의 이류에 의한 
수평 과정의 기여도와 비교한 상대적인 역할에 대해서도 명확하게 
규명이 된 바가 없다. 따라서 본 연구에서는 수평 과정과 수직 과정의 
상대적인 역할을 정량적으로 비교하고자 해빙 감소 지역에서의 수분, 열, 
습윤 정적 에너지 수지를 분석하였다. 바렌츠-카라 해역 상의 대기 중 
기온과 습도의 변화를 설명하기 위해서는 열과 수분의 방출과 같은 
수직적 공급원과 이류와 같은 수평적 공급원이 모두 필요한 것으로 
나타났으며, 수직 공급원이 평균적으로 기온과 습도 증가에 기여하는 
비율이 다소 큰 것으로 계산되었다. 반면, 대기 중의 기온과 습도의 
변동성은 수평 이류의 변동성으로부터 기인하는 것으로 확인되었다. 
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